Objectives: We evaluated whether dried blood spots (DBS) are suitable to monitor combined ART when samples are collected in rural Tanzania and transported over a long distance to a specialized bioanalytical laboratory.
Introduction
Therapeutic drug monitoring (TDM) is an inherent part of medical care in industrialized countries. 1 It is an important tool for physicians not only to guide dose adaptation but also to assess patients' adherence. However, well-equipped and specialized laboratories are required, which often are not available in resource-poor regions. [2] [3] [4] To promote further the TDM in developing countries, blood sampling techniques are needed that allow collection of patient samples easily and at low-cost under field conditions. 5 Moreover, the samples should be stable under local climate conditions, as uninterrupted cold-chains are often not available. 6 Using dried blood spots (DBS) offers many advantages in this context. Collecting a few capillary blood drops from the fingertip is minimally invasive and does not require a trained phlebotomist. 7 Moreover, the drying of blood drops on filter paper in many cases improves sample stability compared with the use of wet matrices, which often allows storage at room temperature and reduces the biohazard risk. 8 The DBS technique was introduced in the 1960s and is nowadays still routinely used in neonatal screening, but less frequently in highly regulated areas, e.g. in drug development or for routine TDM of small molecules. 9 Literature data are usually based on plasma and not on capillary blood concentrations, so that the relationship between the two matrices has to be understood for the correct interpretation of DBS measurements. In addition, bioanalytical aspects, e.g. lower assay sensitivity, analytical bias caused by variable haematocrit values and the complexity of extraction, limit the widespread acceptance of the DBS technique. 10 Nevertheless, recent technical advances in the automation of DBS extraction and analysis have led to more time-efficient, robust and sensitive measurements. 10, 11 TDM is a valuable tool to improve efficacy and safety in HIV therapy by identifying patients with toxic, subtherapeutic or appropriate drug concentrations. 12 To maintain sufficient viral suppression, which is linked to increased survival and reduced morbidity, patients must adhere to !95% of the prescribed dosages. [13] [14] [15] [16] In addition, insufficient drug exposure increases the risk of HIV progression and the development of drug resistance. Worldwide an estimated 37 million people are infected with HIV; the highest prevalence can be found in Sub-Saharan Africa. 17 Considering the previously mentioned advantages of DBS, the technique could help to establish TDM as an important tool in the management of patients with HIV living in rural areas with high HIV prevalence.
The aim of this study was to evaluate whether DBS are suitable to monitor combined ART, when samples are collected in rural Tanzania and transported over a long distance to a specialized bioanalytical laboratory. DBS, whole blood and plasma TDM samples were acquired at the site of the bioanalytical laboratory (the bridging study) from patients treated with either the NNRTIs efavirenz or nevirapine, or the PI lopinavir. In addition, DBS and plasma samples were collected in Tanzania (the field study 18 ) and transported to Switzerland. DBS samples were extracted using a fully automated system to facilitate the analysis of the large number of study samples.
Patients and methods

Ethics
Ethics approval for the field study was received from the Institutional Review Board of the Ifakara Health Institute (no. IHI 28-2013) , the Tanzanian National Institute of Medical Research, Dar es Salaam, Tanzania (no. NIMR/HQ/R.8a/V01. IX/I762) and the Tanzanian Commission for Science & Technology (no. 2014 -276-NA-2014 . For the bridging study, anonymized samples from patients enrolled in the Swiss HIV Cohort Study were used. Ethics approval was received from the ethics committee of Northwest and Central Switzerland (no. EK 76/13). The bridging study was conducted from April until June 2013, whereas the field study samples were collected from October 2013 to September 2014. Informed consent was obtained from all participants. 18 
Study design Bridging study
Sixty HIV-positive patients followed at the University Hospital Basel, Switzerland, who received either nevirapine (n " 20), efavirenz (n " 20) or lopinavir (n " 20) were enrolled in the bridging study. Patients were treated with a median oral dose of 400 mg nevirapine (range 200-400 mg), 600 mg efavirenz (range 200-800 mg) or 800 mg lopinavir (range 400-800 mg). Plasma, whole blood and DBS samples were collected simultaneously during a routine clinical visit. Whole blood was sampled by venepuncture from the antecubital vein into EDTA-containing tubes. Plasma was obtained by centrifugation using standard settings. DBS samples were collected via capillary puncture from the tip of the middle or ring finger. The first blood drop was discarded and subsequent drops of blood were transferred onto DBS filter paper cards (226 grade; PerkinElmer, Waltham, MA, USA). DBS samples were dried for 2 h at room temperature and placed in small plastic bags containing a desiccant. All samples were stored at #20 C until analysis to ensure sample stability.
Field study
DBS and the matching plasma samples (nevirapine n " 182, efavirenz n " 481 or lopinavir n " 64) were collected within the framework of an adherence assessment study in Tanzania, including 299 patients. 18 Between one and three samples were collected per patient on different occasions. Patients were treated with a single daily dose of 600 mg efavirenz, two daily doses of 200 mg nevirapine, or lopinavir/ritonavir 400/100 mg twice daily. Plasma and DBS samples were collected as described above. Plasma samples were stored at #20 C and shipped on dry ice to the bioanalytical laboratory (Basel, Switzerland). DBS samples were stored in the fridge and shipped at room temperature. At the bioanalytical laboratory, plasma and DBS samples were stored at #80
C and analysed after all samples had been received to minimize inter-batch variability.
Bioanalytical analyses
The antiretrovirals (ARVs) were analysed in DBS using a recently developed fully automated LC-MS/MS method. 11 Plasma and DBS samples were analysed using methods validated according to the FDA guideline on bioanalytical method validation. 19 A qualified method was used for the analysis of whole blood samples (see Table S1 , available as Supplementary data at JAC Online). More details about the method and the performance of the analyses are given in the Supplementary data. A precision of 15% and a mean accuracy of 85%-115% were accepted in this study.
Stability of the ARV was assessed in DBS under accelerated storage conditions mimicking the climate in Tanzania. Stability was evaluated after 1 day and after 1, 2, 3 and 4 weeks of storage at 40 C and 75% relative humidity (rH). Five replicates (500 ng/mL) were analysed and compared with a set of freshly prepared samples. Samples were considered stable if the change in concentration was ,15%.
Statistical analyses
The level of agreement of the ARV concentrations measured in DBS and plasma was assessed using Bland-Altman analysis. The measured concentrations in the different biofluids were compared pairwise by plotting the percentage differences ð1ÀHCTÞ Â f bpp ). The haematocrit was determined for each patient while the f bpp used for nevirapine, efavirenz and lopinavir was 0.6, 0.995 and 0.98, respectively. 20, 21 Another algorithm for plasma and DBS concentrations was eval-
, which considers the haematocrit as well as the partitioning of the drug between plasma and red blood cells (K RBC/plasma ). 22 K RBC/plasma was calculated based on the measured haematocrit, and the whole blood and plasma concentrations from the participants of the bridging study. The mean K RBC/plasma (n " 20) was then determined for each analyte by rearranging the equation published by Jager et al.
22
A cross-validation of the concentrations obtained in the different study sample matrices was performed according to bioanalytical method validation guidelines, whereby at least 67% of the samples were required to be Duthaler et al. within the +20% limits. 23, 24 Statistical analyses were carried out with GraphPad Prism 7 (La Jolla, CA, USA).
A subtherapeutic drug concentration was defined as any concentration below the 2.5th percentile of published population-based pharmacokinetic models for the single daily dose of 600 mg efavirenz, 25 two daily doses of 200 mg nevirapine 26 and lopinavir/ritonavir 400/100 mg twice daily. 27 
Results
Participant characteristics
Sixty participants were enrolled in the bridging study, with an equal number of patients receiving treatment either with nevirapine, efavirenz or lopinavir. Of the participants, 65% were male and the median age was 50 years (range 27-73 years). The median haematocrit was 42% and ranged between 30% and 52%.
Samples were withdrawn at a median of 11 h (range 1-36 h) post treatment.
The characteristics of the patients enrolled in the field study were summarized by Erb et al. 18 In brief, samples were collected within 2-24 h post-dosing, which was comparable to the bridging study. Haematocrits were generally lower than in the bridging study with a median of 35.9% and a range from 10.9% to 50.8%. Concentrations determined in plasma, whole blood and DBS are summarized in Table 1 .
RBC partitioning
K RBC/plasma of the ARV was calculated based on plasma and blood data obtained within the bridging study. Concentrations measured in blood and plasma following nevirapine treatment resulted in a mean K RBC/plasma of 1.15 (95% CI 1.07-1.24). In comparison, the K RBC/plasma for efavirenz and lopinavir indicated that only a small amount of efavirenz [0.13 (95% CI 0.08-0.18)] and almost no lopinavir [-0.039 (95% CI #0.10-0.02)] distributed into the red blood cell (RBC).
Agreement between plasma and blood samples
The percentage differences between blood and plasma concentrations for nevirapine, efavirenz and lopinavir were consistent without a trend across the monitored concentration range. Blood versus plasma concentrations indicated only a small bias of !5.7% for nevirapine (Table 2 ). In contrast, comparison of efavirenz and lopinavir blood and plasma concentrations displayed a pronounced difference of #47.8% and #55.2%, respectively. The 95% limits of agreement for all three drugs were narrow with a range of less than +25%. For nevirapine, no correction between plasma and blood was necessary, because the difference of all samples is already within the +20% limits (Table 2 ). Efavirenz and lopinavir blood concentrations had to be adjusted by the haematocrit and the K RBC/plasma or f bpp to estimate correctly the concentrations in plasma, due to the low amount of drug distributing into the RBCs. Both correction modalities significantly improved the agreement between plasma and blood concentrations so that the mean percentage difference was ,9% and at least 95% of the samples were within the +20% limits (Table 2) .
Agreement between plasma and DBS samples
Overall, the percentage differences between plasma and DBS samples did not display a trend across the observed concentrations (Figures 1 and 2) .
The mean percentage difference of nevirapine plasma and DBS concentrations was higher in the bridging study (!18.4%) compared with the field study (!3.6%). Thus, only 60% of the nevirapine samples were within the +20% limits in the bridging study, whereas 87% of the field study samples were within these boundaries (Figures 1 and 2) . Correction of the DBS samples by the haematocrit and K RBC/plasma improved the agreement between plasma and DBS samples of the bridging study samples so that 90% of the samples were within +20%. However, the agreement was not improved when adjusting the DBS concentrations by the haematocrit and the protein binding.
Efavirenz concentrations found in DBS were very similar to levels measured in whole blood, but amounted to only about half of the concentration found in plasma. The mean percentage differences of the DBS and plasma samples collected within the bridging (#47.4%) and the field study (#52.0%) were similar, but samples from Tanzania were more scattered, leading to wider 95% limits of agreement. Almost none of the plasma and DBS samples exhibited a difference of ,20% if no correction was applied to DBS samples. Correction by the haematocrit and the protein binding or the K RBC/ plasma significantly improved the agreement between plasma and DBS measurements. Both correction functions nullified the bias between plasma and DBS samples in case of the bridging study so that no samples had a .20% deviation and the mean percentage difference was ,10%. The agreement between efavirenz plasma and DBS samples collected in Tanzania was improved by both correction modalities as well, resulting in a mean percentage Monitoring antiretroviral drugs in DBS JAC difference of less than #16.1%. Seventy-six percent of the samples were within the specified limits of +20% after adjusting DBS concentrations by the haematocrit and the protein binding, and thus passed the criterion of 67% for cross-validation. Lopinavir concentrations measured in DBS were more than 50% lower than in plasma, similar to the observation accounted for in efavirenz samples. Furthermore, the 95% limits of agreement between plasma and DBS were similar compared with plasma and blood samples. Adjusting the lopinavir concentrations in DBS samples from the bridging study based on their haematocrit and the protein binding or K RBC/plasma resulted in a substantial improvement of the agreement. More than 90% of the samples were within 20% limits and the mean percentage difference was less than !5%. However, lopinavir concentrations in DBS samples from Tanzania were still $30% lower than in plasma after correction, and only a quarter of the samples were within +20%.
Overall, 4.2% (n " 20), 2.2% (n " 4) and 6.3% (n " 4) of the measured efavirenz, nevirapine and lopinavir plasma samples, respectively, were in a subtherapeutic range ( Figure S1 ). The fractions of subtherapeutic samples increased to 14.0% (n " 67) for efavirenz and to 10.9% (n " 7) for lopinavir if calculations were based on uncorrected DBS measurements. For nevirapine, DBS analysis revealed the same percentage of subtherapeutic samples as for plasma analysis. Interpretation of the TDM samples using DBS instead of plasma was comparable if the DBS concentrations were corrected by the haematocrit and the protein binding, so that 5.2% (plasma 4.2%) of the efavirenz, 2.7% (plasma 2.2%) of the nevirapine and 6.3% (plasma 6.3%) of the lopinavir concentrations were judged as subtherapeutic.
Stability of DBS samples
The stability of the ARV drugs was tested under accelerated storage conditions (40 C, 75% rH) because the percentage differences of lopinavir DBS and plasma samples from Tanzania were unexpectedly large in comparison with the data obtained within the bridging study (Figure 3 ).
Nevirapine and efavirenz concentrations were stable during 4 weeks of incubation at 40 C and 75% rH. Maximal deviation from freshly prepared samples was ,5%, which is smaller than the accepted analytical error of +15%. In contrast, lopinavir DBS concentrations decreased time-dependently by #14% after 2 weeks and by #25% after 4 weeks of incubation. Hence, the observed difference between DBS and plasma concentrations in the field study can be explained by degradation of lopinavir in DBS samples under the climatic conditions encountered in Tanzania.
Discussion
TDM of ARV has been shown to improve treatment outcome by preventing toxicity and insufficient viral suppression due to inadequate drug levels. However, TDM is frequently not implemented in resource-poor regions due to the shortage of infrastructure. Our field study shows that automated DBS analysis alone (e.g. for nevirapine) or in combination with an algorithm correcting for blood/plasma partitioning (e.g. for efavirenz) can successfully be applied in such a setting.
Automation of the extraction process is central to establish DBS-based TDM in medical laboratories, as it improves robustness, sensitivity, efficiency and thus overall cost-effectiveness of Duthaler et al. C DBS C Plasma = × f bpp 1 -HCT Figure 2 . Bland-Altman plots of nevirapine, efavirenz and lopinavir concentrations measured in plasma and DBS of samples collected within the field study in Tanzania. Samples were collected at one to three occasions for each patient. Values with a difference of less than +20% between the two matrices are shown using filled symbols; values with larger differences are shown using open symbols. Dotted line (red) shows the mean difference between plasma and DBS samples, the dashed lines the +20% limits. White plot area illustrates the 95% limits of agreement. DBS concentrations were not corrected (left column) or adjusted by haematocrit (HCT) value and protein binding (f bpp , right column). Y-axes were kept small for better visualization of the data; thus, a few data points were outside the axis limits (left column: nevirapine n " 1 and efavirenz n " 2; right column: nevirapine n " 1 and efavirenz n " 3). This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
Duthaler et al.
measurements. 28 To date, several techniques for the automation of DBS samples have been introduced, 10, [29] [30] [31] [32] but only a few have so far been used to quantify concentrations in clinical patient samples. 28, 33 With our setup we demonstrated that a large number of DBS study samples can be analysed in a fully automated way. Accuracy and precision data show that the method was reliable (Table S1 ) and time-efficient, considering the analysis time of $4 min per sample. Hence, this type of automated DBS analysis holds promise to further DBS sampling for TDM.
However, as serum or plasma and not venous or capillary blood is typically used for TDM analysis, a comparison of the two matrices is necessary. Factors affecting suitability of a matrix for TDM are the unbound drug fraction in plasma and blood, the haematocrit and the distribution of the analyte into RBCs. According to Emmons and Rowland 34, 35 the blood/plasma concentration ratio is a useful metric to select the appropriate matrix. Blood and plasma concentrations of nevirapine agreed strongly (ratio of 1.06), indicating that nevirapine distributes almost equally into the cellular and plasma compartments of the blood (K RBC/plasma 1.15 ). An in vivo study using radioactive-labelled nevirapine also showed an even distribution of nevirapine between human plasma and whole blood. 36 Therefore, either plasma or whole blood could be used for TDM. In contrast, efavirenz and lopinavir are highly bound to plasma proteins; [37] [38] [39] thus, distributing only partially into the cellular compartment resulting in low blood/plasma ratios of 0.62 and 0.57, respectively. To our knowledge, no data are available in the literature about the blood/plasma ratios of efavirenz and lopinavir. However, observed DBS/plasma ratios (efavirenz 0.6; lopinavir 0.51) were similar to blood/plasma ratios and importantly these data were comparable with published DBS/plasma ratios for efavirenz. 20, 40, 41 At this low ratio, blood cells basically act as diluent and hence (under the assumption of constant protein binding), the haematocrit value primarily alters the proportion between blood and plasma concentrations. Thus, according to the decision tree proposed by Emmons and Rowland, 35 blood and plasma can equally be used for all three ARV drugs assuming constancy of the parameters, e.g. haematocrit, the unbound drug fraction and the blood cell partitioning. However, the haematocrit values in our study population ranged between 10% and 50%. Consequently, concentrations measured in blood or DBS have to be adjusted by the haematocrit to allow reasonable prediction of the plasma concentration. We applied two different correction algorithms; both incorporated the haematocrit, as well as either the RBC partitioning or the plasma protein binding of the drugs. 20, 22, 42 As expected, the agreement between plasma and blood concentrations was good for nevirapine but insufficient for efavirenz and lopinavir. Both methods of correction considerably improved agreements with only few samples exhibiting a bias .20%. Blood and DBS concentrations were largely similar, except that nevirapine concentrations in DBS samples tend to be $10% higher than in whole blood samples. Therefore, the agreement between blood and plasma was closer than for DBS and plasma. However, interpretation is difficult as the bias still lies within the generally accepted accuracy of 85%-115% for bioanalytical methods. 23 Moreover, in the field study, which included a larger number of samples, almost no bias was detected between nevirapine concentrations determined in plasma and DBS samples. Similar results have been observed by Kromdijk and colleagues. 20 Our data also showed that neither the haematocrit nor the protein binding altered the agreement between DBS and plasma, as the applied corrections had no impact. For nevirapine, the outcome of bridging and the field study was similar; thus, prolonged storage and shipment did not affect nevirapine analysis in DBS samples. This result is in line with our stability recorded under accelerated storage conditions and data published in the literature. 43, 44 The DBS and plasma comparison of efavirenz and lopinavir samples collected within the bridging study was very promising. The mean bias was ,10% after correction by the haematocrit and protein binding or K RBC/plasma while almost none of the samples was beyond +20%. The agreement between plasma and DBS samples collected within the field study was acceptable for efavirenz but not for lopinavir. The efavirenz concentration in DBS was on average 52% lower than in plasma, which is in line with studies from Kromdijk et al. 20 and Amara et al., 40 who found a 39.8% and 41.9% decrease, respectively. Only a small negative bias of #10% was observed after correcting the DBS concentration by the haematocrit and protein binding and three-quarters of all samples exhibited a bias of ,20%. This result further strengthens the usefulness of this algorithm to correlate DBS with plasma data as proposed by Li and Tse 42 and Kromdijk et al. 20 The small negative bias might be due to some decay of efavirenz; however, neither our stability experiments under accelerated storage conditions nor published data indicate relevant instability. 20, 40, 41, 43 In the case of lopinavir, the agreement between plasma and DBS samples collected in the field study was surprisingly poor, considering the promising data obtained in the bridging study. Overall, despite the correction, concentrations measured in DBS samples were $30% lower than in plasma, whereas the bias observed in the bridging study was negligible. Only a few studies about lopinavir analysis in DBS have been published so far, [45] [46] [47] [48] but, to the best of our knowledge, no data are available comparing concentrations in DBS and plasma samples. Our data indicate that fresh DBS samples can be used for TDM of lopinavir; however, prolonged storage and sample shipment affect the quality of DBS samples and lead to unreliable results. This is most likely due to degradation of lopinavir in DBS samples and fits our observations of lopinavir degradation under accelerated storage conditions. Lopinavir is generally considered to be stable at room temperature and after heat Monitoring antiretroviral drugs in DBS JAC exposure at 58 C for 35 min. 43, 46, [49] [50] [51] However, one study shows that the lopinavir concentration decreases by $13% in DBS kept at 20 C in desiccators for 2 years, which supports our assumption of lopinavir decaying in DBS over time. 45 Our study shows that concentrations determined in whole blood are highly correlated with plasma concentrations. In the case of efavirenz and lopinavir, blood samples need to be corrected by the haematocrit and the cellular fraction of the drugs. Using the same correction algorithms, a good correlation between DBS and plasma concentrations of samples collected within the bridging study was reached. Agreement between plasma and DBS concentrations was also convincing for nevirapine and efavirenz for samples collected under field conditions in Tanzania. However, lopinavir was not stable in DBS under the conditions of this study, an aspect that should be considered when planning future studies. Importantly, the analysis of adjusted DBS and plasma concentrations lead to the same clinical interpretation of most TDM samples. Overall, automation facilitated DBS measurements by increasing method sensitivity and by decreasing the overall workload; thus, enhancing attractiveness of the DBS technique for TDM, pharmacokinetic studies and assessment of treatment adherence. However, before DBS can be implemented in low-and middleincome countries, obstacles, e.g. cost of sampling and analysis, have to be overcome.
